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Abstract 
A simple flow-based method was developed for the selective separation of arsenic species 
(+3 and +5) using a macrocycle-immobilized solid phase extraction (SPE) system, commonly 
known as molecular recognition technology (MRT) gel. Arsenic species in solution or in the 
eluent were subsequently quantified with graphite furnace atomic absorption spectrometry. 
The separation behaviors of As(III) and As(V) on MRT-SPE were investigated. It was found 
that As(V) can be selectively collected on the SPE system within the range of pH 4 to 9, 
while As(III) was passed through the MRT-SPE. The retention capacity of the MRT-SPE 
material for As(V) was found to be 0.25 ± 0.04 mmol g–1. The detection limit of the method 
for As(V) was 0.06 µg L−1, and the relative standard deviation was 2.9% (n = 10, C = 1 μmol 
L–1). Interference from the matrix ions was studied. In order to validate the developed method, 
certified reference materials of effluent wastewater and groundwater samples were analyzed 
and the determined values were in good agreement with the certified values. The proposed 
method was successfully applied to the speciation analysis of tri- and pentavalent arsenic in 
natural water samples showing satisfactory recoveries (≥ 98.7%).    
 
Keywords: Solid phase extraction; molecular recognition technology; arsenic (+3 and + 5); 
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1.0 Introduction 
Arsenic has raised a major public health concern because it has serious toxic effects even 
at low exposure levels and is widespread in the environment (WHO 2001). People exposed to 
high level of arsenic via drinking water and contaminated water-irrigated foods are at risk of 
both cancerous and non-cancerous health effects (Karim 2000, Rahman et al. 2008). The 
extent of exposure depends on the concentration levels, oxidation and binding states, ionic 
and molecular forms and metabolic pathways of arsenic, which vary strongly in different 
environmental compartments (Mandal & Suzuki 2002). Arsenite (oxidation state +3) and 
arsenate (oxidation state +5) are commonly found inorganic arsenic species in the natural 
aqueous matrix (Mandal & Suzuki 2002, Francesconi & Kuehnelt 2004). Information about 
the speciation of arsenic in the natural aqueous system is important because it indicates the 
bioavailability of arsenic from the source water (Liang & Liu 2007). Inorganic arsenic 
species are known to be more toxic than the organic counterparts, and As(III) is at least ten 
times more harmful than As(V) (Squibb & Fowler 1983). Selective and accurate 
measurement of arsenic species is also required for precise monitoring as imposed by 
increasingly stringent environmental regulations, e.g. United States Environmental Protection 
Agency proposed a maximum contaminant level of 10 µg L–1 arsenic for the community 
water systems (USEPA 2002).  
In recent years, several researchers have been working for the quantification and 
speciation analysis of arsenic (Barra et al. 2000, Muñoz & Palmero 2005, Terlecka 
2005, Kumar & Riyazuddin 2007, Mays & Hussam 2009). For the separation and detection 
of arsenic species, ion chromatography and high-performance liquid chromatography 
separation followed by sensitive detection such as inductively coupled plasma mass 
spectrometry (Lintschinger et al. 1998, Bissen & Frimmel 2000), atomic absorption 
spectrometry with hydride generation interface (Hasegawa et al. 1999, Kumar & Riyazuddin 
 
Water, Air, & Soil Pollution, 224(5): 1526, 2013. 
The original publication is available at: http://dx.doi.org/10.1007/s11270-013-1526-0   
 
2007) and electrospray/nanospray mass spectrometry (Pergantis et al. 1997, Ritsema et al. 
1998) are widely used. However, concerns related to the use of element-selective detectors to 
interface the chromatographic methods limit the efficiency of these techniques (Yu et al. 
2003). Since the 1980s, separation of analytes using solid-phase extraction (SPE) systems 
becomes popular. The technique is cost- and time-saving compared to the traditional 
extraction techniques with the facility to separate a wide range of metal ions, including 
specific selectivity to a particular ion (Nickson et al. 1995, Poole 2000, Rossi & Zhang 
2000, Camel 2003). SPE techniques have been applied for the quantified 
analysis/speciation/separation of various trace elements, including arsenic (Liska 2000, Rossi 
& Zhang 2000, Yalcin & Le 2001, Camel 2003, Yu et al. 2003, Sanchez et al. 2009, Rahman 
et al. 2011a, 2011b). One group of SPE material includes the macrocyclic chelants, such as 
crown ethers, immobilized on a silica or polymer support (Hiraoka 1982, 1992), which 
possess the ion-selective behavior and are commonly known as molecular recognition 
technology (MRT) gel (Izatt et al. 1994, Hasegawa et al. 2010, Rahman et al. 
2011a, 2011b, 2011c, 2011d, Hasegawa et al. 2013).  
The separation of elements by macrocycles is managed by the accommodation of ions 
either within their circular cavity or in the three-dimensional cavity-like structures formed 
between the macro-ring and the sidearms. The retention behavior depends on the relative 
sizes and charges of analyte ions, the conformational flexibility of the macrocycle structure, 
and the interaction of the macrocycle with solvent. The selectivity behavior of the macrocycle 
can be modified by varying any of those factors (Tsukube 1993, Mahoney et al. 
2001, 2004, Nabeshima et al. 2005). Macrocycles have been employed for the selective 
separation of metal ions from mixtures in bulk liquid membrane and/or solvent extraction 
systems (Izatt et al. 1986, Walkowiak et al. 2002, Walkowiak & Kozlowski 2009). However, 
separation of metal ions using extraction or membrane systems is not considered as a cost-
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effective option due to the gradual loss of the expensive macrocyclic compounds from the 
organic membrane or layer (Bradshaw et al. 1989). The shortcoming was minimized by 
attaching the macrocyclic compounds to solid support using a stable hydrocarbon-ether 
linkage, which is capable of high selectivity and of use with very diluted solutions (Izatt et al. 
1988, Bradshaw et al. 1989, Bruening et al. 1991, Izatt et al. 1994). Silica gel is used mostly 
among the solid support materials due to its high hydrophilic character, large number of 
binding sites and substantial inert nature. Other options are adopted only when the silica gel 
cannot be used as the support such as when the pH of solution is about 10 or when extreme 
purification of water is required, etc. (Biernat et al. 1994, Izatt et al. 1995). 
In this work, a simple process is developed for the separation of tri- and pentavalent 
arsenic species in the aqueous matrix with the subsequent graphite furnace atomic absorption 
spectrometric (GF-AAS) determination using a single MRT-SPE cartridge namely AnaLig 
AN-02. The proposed technique is rapid and is suitable for routine speciation analysis of 
inorganic arsenic in aqueous matrix to comply with the legislative recommendations in 
countries where the extent of contamination is severe, and a large number of samples are 
required to be monitored.  
2.0 Experimental 
2.1 Instruments 
The AAnalyst 600 GF-AAS (PerkinElmer, Waltham, MA, USA) equipped with an AS 
800 autosampler and a dedicated transversely-heated graphite atomizer system with Zeeman 
background correction facility was used as detector. The light source was an electrodeless 
discharge lamp (EDL) powered by EDL System II operated at 380 mA. The wavelength was 
set at 193.7 nm resonance line and the monochromator spectral bandpass at 0.7 nm. Baseline 
offset correction time was set to 2.0 s and the read delay at 0.0 s. Argon was used as purge 
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gas at the pre-set flow rate of 250 mL min−1. A temperature program has been performed as 
follows: first and second dry at 110 and 130ºC, ashing at 1200ºC and atomization at 2000ºC 
with hold times of 30, 30, 20 and 5 s, respectively. The system was calibrated with five-
standards of As(III) or As(V) (0.5–2.5 μmol L–1). Sample (20 μL) and Pd-Mg matrix modifier 
(10 μL) solutions were introduced in the graphite furnace with three replicates of each 
measurement.  
A GL-SPE vacuum manifold kit (for 12 samples) (GL Sciences, Tokyo, Japan) combined 
with an air pump (CAS-1, AS ONE, Osaka, Japan) was used for SPE. A Navi F-52 pH meter 
(Horiba, Kyoto, Japan) and a combination electrode were used for pH measurement. A four-
housing E-Pure water purification system (Barnstead/Thermolyne, Dubuque, IA, USA) was 
used for deionized water preparation, and the deionized water is referred to as EPW hereafter.  
2.2 Materials 
As(III) and As(V) stock solutions (10 mmol L–1) were prepared from sodium arsenite 
(Kanto Chemical, Tokyo, Japan) and sodium arsenate heptahydrate (Nacalai Tesque, Kyoto 
Japan). All chemicals were analytical-grade commercial products and used as received. 
Weight basis dilution with EPW was used to prepare the working standards. 
MRT-SPE: AnaLig AN-02 (AN-02) (base support: silica gel, functional group: crown 
ether) was supplied from GL Sciences (Tokyo, Japan) and manufactured commercially by 
IBC Advanced Technologies (American Fork, UT, USA). Other SPE materials were (a) 
Chelex-100 (base support, styrene divinylbenzene; functional group, iminodiacetic acid), (b) 
NOBIAS Chelate PA-1 (base support, hydrophilic methacrylate; functional group, 
polyamino-polycarboxylic acid), (c) NOBIAS Chelate PB-1 (base support, 
divinylbenzene/methacrylate polymer; functional group, polyamino-polycarboxylic acid), (d) 
NOBIAS Ion SA-1 (base support, hydrophilic methacrylate; functional group, quaternized 
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amine), and (e) NOBIAS Ion SC-1 (base support, hydrophilic methacrylate; functional group, 
sulfonic acid). Chelex 100 was supplied by Bio-Rad Laboratories (Hercules, CA, USA), 
while the other SPEs are from Hitachi High-Technologies (Tokyo, Japan). Chelex-100, 
NOBIAS Chelate PA-1, and NOBIAS Chelate PB-1 were the chelating resin-type SPE 
systems, while the NOBIAS Ion SA-1 and NOBIAS Ion SC-1 were the ion-exchange resin 
types. All the SPE systems were available as 3 or 5 mL mini-columns.  
The experimental pH was adjusted within the range of 4 to 10 using either HCl or NaOH 
of 1 mol L–1 concentration. 2-(N-morpholino)ethanesulfonic acid (pH 4–6) (Sigma–Aldrich, 
St. Louis, MO, USA), 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (pH 7–8) 
(Nacalai Tesque, Kyoto, Japan), or TAPS (N-Tris(hydroxymethyl)methyl-3-
aminopropanesulfonic acid) (pH 9–10) (MP Biomedicals, Solon, OH, USA) were used as the 
buffer reagent to maintain the desired pH as indicated in the parentheses.  
To study the probable interference from coexisting ions, NaCl, KCl, CaCl2, and MgCl2 
were used as source of cations, while NaCl, NaNO3, and Na2SO4 were used as source of 
anions as purchased from Nacalai Tesque (Kyoto, Japan). Working solutions of 1 mmol L–1 
concentration with pH maintained to 7 were prepared in H2O matrix followed by an 
equilibration period of 24 h. 
Certified reference materials (CRMs) of effluent wastewater (BCR-713) (Segura et al. 
2004) and groundwater (BCR-610) (Quevauviller et al. 1998) from EC-JRC-IRMM (certified 
reference materials from European Commission Joint Research Centre, Institute of Reference 
Materials and Measurements), and spiked-samples of “real” waters: tap water (source: 
Kakuma campus, Kanazawa University, Kanazawa, Japan), lake water (source: Lake Biwa, 
Shiga, Japan), and river water (source: Asano River, Kanazawa, Japan) were analyzed using 
the proposed separation process. Cellulose membrane filter (0.45 µm) (Advantec, Tokyo, 
Japan) was used to treat each of the real water samples before the analysis. 
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2.3 Cleaning 
Low-density polyethylene bottles (Nalge Nunc, Rochester, NY, USA), perfluoroalkoxy 
tubes and micropipette tips (Nichiryo, Tokyo, Japan) were used throughout. For cleaning, the 
laboratory wares were soaked in Scat 20X-PF alkaline detergent (Nacalai Tesque, Kyoto, 
Japan) overnight followed by rinsing with EPW, and then soaked in 4 mol L–1 HCl overnight 
with subsequent rinsing using EPW.  
2.4 Separation process 
The work-flow sequence for the separation of As(III) and As(V) with AN-02 column 
followed by GF-AAS determination is shown schematically in Fig. 1. HNO3 (1 mol L
–1, 8 
mL) and EPW (6 mL) were used for SPE column cleaning, and the desired pH condition (4–
10) was maintained by allowing an appropriate buffer solution (5 mL) to follow through the 
column. After the cleaning step, pH-adjusted sample solution (4 mL) was introduced into the 
SPE column at the pre-set flow rate of 0.2 mL min–1, and the column effluent was collected. 
The analyte that is not captured in the SPE column is then removed by EPW washing. The 
unretained concentration of analyte in the SPE system can be calculated from the total analyte 
concentration in the column effluent and EPW wash solution. The “captured” analyte is then 
eluted with HNO3 (1 and 6 mol L
–1). The arsenic concentrations in the sample solution, in the 
effluents and in the eluent were measured with GF-AAS. 
3.0 Results and Discussion 
3.1 Optimization of variables  
3.1.1 Sample loading flow rate 
Effect of sample loading flow rates, which has a reasonable impact on metal retention in 
SPE columns (Bag et al. 1998), adjusted in the range of 0.2 to 2 mL min–1 was checked (Fig. 
2a). The retention patterns up to the flow rate of 0.25 mL min–1 were quantitative while it 
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decreased with an increase of flow rates. Therefore, for the next experiments, a flow rate of 
0.2 mL min–1 was selected as optimum.  
3.1.2 Eluent concentration 
Selection of analyte is important to maintain the high enrichment factor without affecting 
the precise determination of analyte. The effect of eluent concentration on the elution of 
analyte from the MRT gel SPE column (MRT-SPE) was studied using HNO3 (4 mL) of 
varying concentrations (0.1–6 mol L–1). The recovery was quantitative up to the 
concentration of 0.5 mol L–1 HNO3 and then remained constant (Fig. 2b). Hence, a 
combination of 1 mol L–1 HNO3 (2 mL)+6 mol L
–1 HNO3 (1 mL)+EPW (1 mL) was selected 
as eluent for the subsequent experiments. 
3.2 Separation behavior of MRT-SPE 
The separation behavior of the AN-02 column with As(III) and As(V) is illustrated in Fig. 
3 in terms of pH. The terms extraction and recovery were used to associate the retention 
performance of the SPE system with that of the elution. The number of moles of analyte in 
the elution effluent with the cumulative number of moles of the analyte present in the total 
effluents was compared to calculate the extraction rate.  The recovery rate was calculated by 
comparing the number of moles of analyte recovered in all fractions with that of the number 
of moles of analyte in the solution loaded to the column.  
Sample solutions (4 mL) spiked with 100 µmol L–1 of As(III) and As(V) were loaded to 
the AN-02 MRT-SPE system at a flow rate of 0.2 mL min–1. At pH 4 to 10, insignificant 
extraction was observed with As(III), while an average extraction of 97.4±4.0 was observed 
for As(V) until pH 9. Factors such as pKa values, ionic characters of the arsenic species, and 
hydrophobic interaction between the arsenic species and the SPE materials may have a 
significant effect on the retention efficiency of the SPE columns (Yu et al. 2003). The 
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distribution of different arsenic species in terms of pH in the aqueous medium can be 
determined from the respective pKa values of As(III) (pKa1 =9.2, pKa2 =12.2, pKa3 =13.4) and 
As(V) (pKa1 =2.2, pKa2 =6.9, pKa3 =11.5), and it has been confirmed that As(III) exists 
mostly as a neutral species (H3AsO3) and As(V) as an anionic species (H2AsO
4−, HAsO4
2−) 
within the studied pH range (Chen et al. 2009). The macrocycle immobilized in AN-02 MRT-
SPE system is designed for anion separation (Anonymous 2005), and therefore the observed 
behavior was expected.  
The extraction and recovery behavior shows that AN-02 MRT-SPE system can 
selectively separate As(III) and As(V) at varying pH conditions (pH 4–9), i.e., the separation 
process is almost pH independent and is useful for the quantitative determination of As(III) 
and As(V) content in the sample water. The recovery rate with AN-02 SPE column for all the 
arsenic species at the entire studied pH range was quantitative while a certain decrease in the 
extraction rate was observed above pH 9. The deviation is attributable to the increasing 
dissolving tendency of the silica gel base support with increasing pH (Vogelsberger et al. 
1992).  
3.3 Effect of matrix ions 
The likely interfering effect from the matrix co-component ions on the As(V) separation 
efficiency with the AN-02 MRT-SPE system was examined at the following conditions: 
matrix–H2O, pH–7, sample volume–4 mL, flow rate–0.2 mL min
–1, elution–1 mol L–1 HNO3 
(2 mL)+6 mol L–1 HNO3 (1 mL)+EPW (1 mL). The binary mixtures containing the 1 mmol 
L–1 of Na+, K+, Ca2+, Mg2+ Cl–, NO3
–, or SO4
2– and 10 µmol L–1 of As(V) were individually 
loaded to the MRT-SPE system. The rate of recovery was in the range of 92.1±1.8 to 
96.2±3.7 %, which can be termed as quantitative. Therefore, it can be assumed that the 
deterring impact due to the ions commonly found in natural water on the separation of As(V) 
with the AN-02 MRT-SPE is negligible.  
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3.4 Retention capacity of the MRT-SPE  
Retention capacity of the MRT-SPE system, an important property for determining the 
stability of the SPE column during the separation process, was computed from the analyte 
concentration and breakthrough volume−the volume of sample that causes the target analyte 
to be eluted from the SPE columns (Yu et al. 2003). As(V)-fortified sample solution prepared 
in H2O matrix was fed to the SPE column at a flow rate of 0.2 mL min
-1 and then eluted with 
2 mL of 1 mol L–1 HNO3+1 mL of 6 mol L
–1 HNO3+1 mL of EPW. The retention capacity of 
the AN-02 column at pH 7 was calculated as 0.25±0.04 mmol g–1. 
3.5 Reusability of the MRT-SPE 
The reusability of the AN-02 MRT-SPE was investigated with the sample solution spiked 
with 100 µmol L–1 of As(V) ions in the aqueous matrix (flow rate–0.2 mL min–1, elution–2 
mL of 1 mol L–1 HNO3+1 mL of 6 mol L
–1 HNO3+1 mL of EPW; n=3). As(V) extraction 
rate (%) of the fresh SPE column at pH 7 was 100±3.4, while it was 98.3±4.2 after 100 cycles. 
Hence, AN-02 column can be regenerated for more than 100 loading and elution cycles 
without the loss of analytical performance. The regeneration process for MRT-SPE is also 
simple because As(III) remain in the column effluent while As(V) eluted completely. SPE 
systems with macrocycles attached onto solid supports offer the option of selective separation 
of analytes from the matrix with the advantage of repeated use of the macrocycles (Bradshaw 
et al. 1988, Horwitz et al. 1992, Izatt 1997). Such opportunity of regeneration could facilitate 
the amortization of the initial high cost of material synthesis.  
3.6 Analytical characteristics 
The calibration graphs obtained at the optimized conditions showed linear patterns up to 
at least 2.5 μmol L–1 with the respective correlation coefficients of 0.9981 and 0.9914. The 
precision at 1 μmol L–1 of As(III) and As(V) concentrations were 0.7 and 2.9 % relative 
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standard deviations (n=10). The value of the limit of detection, calculated by three times the 
standard deviation of the blank (n=15), were 0.06 µg L−1 for As(III) and As(V).  
3.7 Comparative performance of MRT-SPE and other commercial SPE materials 
Aqueous solutions containing 100 µmol L–1 of As(V) were treated with AN-02 MRT-SPE 
and other commercial SPE materials (Chelex-100, NOBIAS Chelate PA-1, NOBIAS Chelate 
PB-1, NOBIAS Ion SA-1, NOBIAS Ion SC-1) to compare the separation efficiencies at 
optimized conditions. As shown in Fig. 4, MRT-SPE demonstrates quantitative separation 
efficiency from fortified aqueous solutions, while the recovery rate achieved for other SPE 
systems is ≤ 80 %. The MRT-SPE types contain macrocyclic chelants, such as crown ethers, 
immobilized on the solid-phase (Izatt et al. 1994, Bradshaw & Izatt 1997). The crown ethers 
possess excellent structural diversity and superior selectivity properties among all the parent 
macrocycles (Tsukube 1993), and this might be associated to the greater retention 
performance with the MRT-SPE than the traditional ion-exchange or chelating resin-type 
SPE systems.  
A comparison of the proposed technique for the selective separation of As(III) and As(V) 
in aqueous matrix using MRT-SPE with the other SPE-coupled options, as reported in the 
literature, is listed in Table 1. The recovery rate (%) of the target analyte, method detection 
limit (DL, µg L–1), and maximum reuse cycles were the terms for evaluation irrespective of 
the instrumental method used for analysis. The As(V) recovery rate (%) from the AN-02 
MRT-SPE was analogous to the other appraised techniques. A better DL was reported for LC-
SAX (Yalcin & Le 2001) or silica/AAPTS (Chen et al. 2009) coupled separation techniques, 
while the reuse sustainability of those SPE systems was either lower or not available for 
comparison. The technique with the ion-exchange resin Dowex 1-X8 (Cl– form) (Smichowski 
et al. 2002) has better method detection limit and can sustain for the same number of reuse 
cycles as compared to the proposed AN-02 MRT-SPE option. The advantage of the MRT-
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SPE types than the ion-exchange resin types is the selectivity in the separation via “host-
guest” complexation, which occur only when the host (usually a macrocycle that is tailored to 
the target based on charge, size, and shape) recognizes the specific electronic and spatial 
features of the guest (Izatt et al. 1995). The MRT-SPE materials have a greater concentration 
of active sites compared to the conventional option for separation of ions in solid phase due 
to the attachment of the enmeshed small microporous particles into the microfibrous matrix. 
The aforesaid approach also eliminates the channeling effect that recurrently appeared with 
packed bed SPE processes (Goken et al. 1994, Izatt et al. 1995). 
3.8 Accuracy and applications 
3.8.1 Evaluation using certified reference materials 
The accuracy of the proposed method was evaluated by analyzing two EC-JRC-IRMM 
CRMs: effluent wastewater (BCR-713) and groundwater (BCR-610). Total arsenic contents 
in the CRMs were in good agreement with the certified values (Table 2). 
3.8.2 Analysis of natural water samples 
The proposed separation process was applied to the analysis of natural water samples (tap 
water, lake water, and river water) collected from local sources. The samples were spiked 
with known amounts of As(III) and As(V). Analytical results for the natural waters are given 
in Table 3, and almost quantitative recoveries were obtained in all cases.  
4.0 Conclusion 
Selective determination with GF-AAS after selective separation of As(III) and As(V) 
with a single MRT-SPE column: AnaLig AN-02 was achieved. As(V) was completely 
retained and recovered from the MRT-SPE system within the pH of 4 to 9, while As(III) 
remained in the column effluent. At a flow rate of 0.2 mL min–1, the following elution 
combination was used: 1 mol L–1 HNO3 (2 mL)+6 mol L
–1 HNO3 (1 mL)+EPW (1 mL) to 
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recover the “captured” species from the MRT gel structure. The process offers a single-step 
separation option of trivalent and pentavalent arsenic species that commonly exist in the 
natural aqueous matrix. Easy operation, rapid separation performance, and reusability for 
more than 100 cycles without loss of the analytical performance of the MRT-SPE are some 
additional characteristics of the proposed process which make it a suitable and economic 
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Table 1. Comparison of the proposed technique with the AN-02 MRT-SPE for selective separation of tri- and pentavalent arsenic, and the other 1 
SPE-coupled options  2 
SPE-system Sample pH Eluent Detector R DL  Rc Ref. 
AnaLig AN-02 a Tap, lake, and river water, 
CRM BCR-713 and BCR-610 b 
4–9 1 and 6 mol 
L–1 HNO3 
GF-AAS 98.7–101 0.06 100 This work 




1 mol L–1 
HCl 
 
ICP-OES 91–108  0.05 
 
50 Chen et al. (2009) 
Extract–Clean SPE SAX a CRM EP-H-1 and EP-L-1 b 6.5 1 mol L–1 
HNO3 
NAA – 1.7 – Sanchez et al. (2009) 
CTAB/Silica a River, lake, well, rain, pool and 
tap water, ERM BW3209 
(0602) and BW3210 (0602) b 






15 Xiong et al. (2008) 
Dowex 1-X8 a Tap, lake, and well water 7 0.8 mol L–1 
HCl  
GF-AAS 92–106 0.004 100 Smichowski et al. (2002) 
LC-SAX a River and tap water; Urine; 
NIST-SRM 2670 b 
Acidic 1 mol L–1 
HCl  
FI-HGAFS ~100 0.05 
 
– Yalcin and Le (2001) 
* R Recovery (%), DL Detection limit (µg L–1), Rc Maximum reuse cycle, FI-HGAFS flow injection - hydride generation atomic fluorescence spectrometry, GF-AAS graphite furnace 3 
atomic absorption spectrometry, ICP-OES  inductively coupled plasma optical emission spectrometry, NAA neutron activation analysis. 4 
a  LC-SAX, silica-based quaternary amine-bonded SPE system, commercial product from Supelco, Bellefonte, PA, USA; Extract–Clean SPE SAX, resin-based strong anion exchange column, 5 
commercial product from Alltech, Ontario, Canada; Dowex 1-X8, anion exchange resin, commercial product from Bio-Rad Labs, Richmond, CA, USA; CTAB/Silica, 6 
cetyltrimethylammonium bromide (CTAB)-modified alkyl silica sobent; silica/AAPTS, 3-(2-aminoethylamino) propyltrimethoxysilane (AAPTS) modified ordered mesoporous silica; AnaLig 7 
AN-02, Immobilized macrocyclic material containing SPE system, commercial product from IBC Advanced Technologies, Inc., Utah, USA; 8 
b NIST-SRM 2670, toxic metals in urine [NIST-SRM: standard reference material from National Institute of Standards and Technology (NIST, Gaithersburg, MD, USA)]; CRM EP-H-1(high-9 
level concentrate) and EP-L-1 (low-level concentrate), drinking water certified reference materials (SCP Science, Canada); ERM BW3209 (0602) and ERM BW3210 (0602), environmental 10 
water samples complying National standard of the People’s Republic of China [ERM: Environmental reference materials from Institute of Reference Materials, SEPA Beijing, P.R. China]; 11 
GSBZ50004-88, certified reference material of environmental water [Institute for Environmental Reference Materials, Ministry of Environmental Protection of China, Beijing, China); CRM 12 
BCR-713 (effluent wastewater) and BCR-610 (groundwater), certified reference materials from EC-JRC-IRMM (European Commission Joint Research Centre, Institute of Reference 13 
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Table 2. Evaluation of the tri- and pentavalent arsenic separation performance of the AN-02 
MRT-SPE with the EC-JRC-IRMM CRMs 
Arsenic species Effluent wastewater CRM  Groundwater CRM 
 BCR-713 (µg L−1) a  BCR-610 (µg L−1) b 
 This work Certified value  c  This work Certified value  c 
As(III) 1.9 ± 0.3 NR  3.3 ± 0.6 NR 
As(V) 7.1 ± 1.2 NR  6.9 ± 1.1 NR 
 ∑ (As-species) 9.0 ± 1.4 9.7 ± 1.1  10.2 ± 1.6 10.8 ± 0.4 
a BCR-713 is an effluent wastewater reference material certified by BCR (Community Bureau of Reference, the former 
reference materials programme of the European Commission) and available from the EC-JRC-IRMM (European 
Commission Joint Research Centre, Institute of Reference Materials and Measurements) (Segura et al. 2004).  
b BCR-610 is a groundwater reference material certified by BCR (Community Bureau of Reference, the former reference 
materials programme of the European Commission) and available from the EC-JRC-IRMM (European Commission Joint 
Research Centre, Institute of Reference Materials and Measurements) (Quevauviller et al. 1998).  
c BCR-713 and BCR-610 are certified for total contents of different metal ions in the samples following collaboratively 
tested and harmonized procedures (Quevauviller et al. 1998, Segura et al. 2004). The mentioned certified value is for total 
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Table 3. The tri- and pentavalent arsenic content analysis in the natural water samples after 
the AN-02 MRT-SPE separation 
Sample As(III)  As(V) 
Tap water  Added (µg L−1) 0 19.5  Added (µg L−1) 0 31.2 
 Found (µg L−1) BDL a 19.4±0.1  Found (µg L−1) BDL a 31.5±0.3 
 Recovery (%) – 99.5±0.6  Recovery (%) – 100.9±1.0 
Lake water Added (µg L−1) 0 19.5  Added (µg L−1) 0 31.2 
 Found (µg L−1) BDL a 19.7±0.3  Found (µg L−1) 5.24 ± 0.67 31.3±0.2 
 Recovery (%) – 100.9±1.4  Recovery (%) – 100.3±0.7 
River water Added (µg L−1) 0 19.5  Added (µg L−1) 0 31.2 
 Found (µg L−1) 0.71 ± 0.12 19.6±0.2  Found (µg L−1) 1.34 ± 0.15 30.8±0.2 
 Recovery (%) – 100.3±0.9  Recovery (%) – 98.7±0.7 
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Fig. 2. Effect of (a) sample loading flow rate and (b) eluent concentration on the separation 
performance of the AN-02 MRT-SPE system. Sample solution–As(V) (100 µmol L–1), 
matrix–H2O, pH–7, sample volume–4 mL, loading flow rate–(a) 0.2 to 2  mL min
–1 (b) 0.2 
mL min–1, elution–(a) 1 mol L–1 HNO3 (2 mL)+6 mol L
–1 HNO3 (1 mL)+EPW (1 mL) (b) 
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Fig. 3. The behavior of the AN-02 MRT-SPE system for the separation of tri- and 
pentavalent arsenic species. Sample solution–As(III) and As(V) (100 µmol L–1),  matrix– 
H2O, pH–4 to 10, sample volume–4 mL, flow rate–0.2 mL min
–1, elution–1 mol L–1 HNO3 (2 











Water, Air, & Soil Pollution, 224(5): 1526, 2013. 
The original publication is available at: http://dx.doi.org/10.1007/s11270-013-1526-0   
 



















Fig. 4. Comparative separation performance of different SPE systems (AN-02: AnaLig AN-
02, C-100: Chelex-100, PA-1: NOBIAS Chelate PA-1, PB-1: NOBIAS Chelate PB-1, SA-1: 
NOBIAS Ion SA-1, SC-1: NOBIAS Ion SC-1). Sample solution–As(V) (100 µmol L–1),  
matrix–H2O, pH–7, sample volume–4 mL, flow rate–0.2 mL min
–1, elution–1 mol L–1 HNO3 
(2 mL)+6 mol L–1 HNO3 (1 mL)+EPW (1 mL) (n=3) 
 
 
